Abstract The subject of the article is the thermodynamic analysis of the sorption of aliphatic hydrocarbons in hard coals from polish mines. The analysis is based on a Multisorption model designed for describing small molecule sorption in different types of carbonaceous materials (e.g. hard coals, lignites or active carbons). Experimental isotherms of hydrocarbons: hexane, heptane, octane and benzene, in hard coals of different rank, together with water and methanol vapor isotherms measured at room temperature (25°C), are taken as comparative data for simulations. Results of the analyses reveal the complicated behavior of linear molecules in the sorption system. The location of molecules on the sorbent surface brings a spectrum of problems associated with the incomplete filling of pores, the coiling up of chains, the formulation of plates or globules, and the blocking of micropores. All these effects have an influence on the level and character of sorption, often in opposing ways. The sorption of small inorganic molecules is taken into account in the objective of achieving a more precise identification of the structure of coal. Semi-simultaneous computations for all types of sorbates have already been carried out.
Introduction
Investigations of vapor recovery from hydrocarbon solvents or air purification from hydrocarbons have been carried out for many years (Fugassi et al. 1958; Shimizu et al. 1998; Breus et al. 2006; Belov et al. 2009; Shi et al. 2011) . However there are not many publications explaining the principles behind the phenomenon of aliphatic molecules locating themselves on the surface of porous materials, especially geosorbents like hard coals. The aim of the investigations was to obtain knowledge about the character of the phenomenon of sorption of chain hydrocarbons in carbonaceous sorbents as ''chip sorbents'' in comparison to the sorption of cyclic ones. A secondary objective of the work is to check the applicability of the multiple sorption model (MSM) and its adequacy when applied to such complicated systems, in particular because it uses a model based on the spherical representation of sorption space at atomic scale (Duda and Milewska-Duda 1995) .
It is a known fact that a partial elastic material (like hard coal) shows both adsorption and absorption in contact with small molecules. It is obvious that some intermediate phenomena occur in such a material. All the spectrum of sub-processes is taken into account in the MSM. Thorough thermodynamic analysis of the energy and entropy of the process lets our team determine a complicated model based on Flory's model of polymer solutions (Flory 1953) .
Experimental data
The sorption isotherms of water, methanol, hexane, heptane, octane and benzene on different rank hard coals were measured using the following procedure. Coal probes with a grain size of 0.2 mm were inserted into liquid microburette equipment (Lason and Zyla 1963) . Samples were degassed at a pressure of 10 -3 Pa, and following this the sorption isotherm measurement procedure was carried out at room temperature. Consecutive points of the isotherms were measured by dosing the sorbate vapor portion by opening the mercury valve, so producing a simultaneous increase in the pressure in the sorption space. Estimation of the amount of sorbed hydrocarbon (water or methanol) were determined on the basis of the vapor pressure measured before dosing, after dosing and after reaching the sorption equilibrium. Aliphatic hydrocarbons: hexane, heptane and octane, and aromatic hydrocarbons: benzene (Jodlowski and Wójcik 2003) as well as water and methanol were chosen for the measurements.
Accordingly to Flory's theory of polymer solutions (Flory 1953 ) and the copolymer model of the structure of hard coal, this substance is semi-rigid and partially elastic. So one would expect absorption or swelling phenomena to take place at a slow rate. Thus the equilibrium of each isotherm point is reached after about 2 days.
The characteristics of hard coals used for the experiment are presented in Tables 1 and 2. In Table 3 the characteristics of the sorbates are presented.
Simulations
Simulations are made using the MSM-a complicated numerical tool containing equations describing in a continuous manner all of the subprocesses, from absorption through the expansion phenomena in different sizes of submicropores to adsorption on the surface of the porous material. The first subprocess is described by an equation that has been developed, Flory's equation of polymer solution. It has been expanded to include the case of a copolymer type of material taking into consideration the presence of a limited-rigid macromolecular network and quasi-crystalline objects called arene domains. These last have an effect on the configuration entropy of mixing by excluding the volume of arene domains from the sorption space. For technical reasons, the expansion area of the process is a priori divided into nine ranges. The last subprocess is adsorption, which is described by the multilayer adsorption equation with a limited quantity of molecules in several layers, similar to BET theory but derived from thermodynamic assumptions different from BET. The adsorption phenomenon is particularly interesting because of the different possible molecule locations on the surface (Milewska- Duda 1993, 2002a, b; Duda and Milewska-Duda 1995; Milewska-Duda et al. 2000a, b) .
The experimental isotherms were used for a comparative simulation experiment: known trends in hard coal structure versus coal rank and properties of the sorbate were used as the basis for the simulation of the isotherm using MSM. The computation procedure is carried out until agreement is reached between the experimental and simulated isotherms.
At the molecular level, the reason that molecules are assigned to the subsystem is based on the quality (energy i.e. adhesive or cohesive character) and quantity of molecule (segment) contacts with other segments of the sorption system (e.g. macromolecular network, arene domains, molecular phase). It corresponds to the sorption system distribution on the spherical cells contacting each other with a network constant z varying from 6 to 12 (6 and less is adsorption, 12 is absorption, with reference to sorbate molecules). Therefore it is possible to account some segments of aliphatic chains to the expansion subsystem and the remainder to the adsorption one. The situation is further complicated by the fact, that some segments could be located in the submicropores (adsorption) and the remaining segments could occupy the surface blocking other pores or could stay free producing some kind of condensation centre for the next molecules. Another hypothesis is that there is conformation of the hydrocarbon chain in the neighborhood of the surface segments producing a plate- shape state of the molecule. Molecules of such a shape could cover the submicropores and block it as a location for the next molecule.
Results
The results of the simulation experiment presented in Figs. 1, 2, 3, 4, 5, and 6 are exemplary. All theoretical isotherms are described in millimoles per gram of coal, the same units as the experimental ones. Parameter R (Fig. 2 and following even numbered Figs. up to Fig. 8 ) is calculated as a ratio of the pore radius to sorbate molecule radius. Molecule size is calculated using the state equation dedicated to this model (Milewska-Duda et al. 2000a ). The whole sorption system is divided on an a priori basis into eleven subsystems with different dominant pore sizes. Subsystem R = 0 depicts absorption and subsystem R = 1 depicts pure adsorption. Intermediate subsystems are summarized in the expansion.
The system in Figs. 1 and 2 is nearly dual with a large amount of absorption and high expansion in the last expansion subsystem (near the adsorption one). Adsorption is weak in this sorption system. This situation could be the result of co-location of the chain molecule segments in the expansion and adsorption system (submicropores) with the number of contacts exceeding 6, which according to the rules are assigned to the expansion. The surface imperfection found in the pore could cause the molecule to roll up. If this were to occur, the molecule would be allocated to the expansion, but really it would be part of the adsorption sub-system. It appears that molecules are deeply inserted into the submicropores, which results in high expansion.
The sorption system presented in Figs. 3 and 4 is similar to the previous one but the expansion system is not so expanded. Only one size of pores shows the expansion isotherm and again it is the one near the adsorption.
The character of the sorption system with octane (Figs. 5, 6 ) differs dramatically from the other ones presented. Adsorption is here the dominant subprocess. Such behavior supports the hypothesis of a plate-shape formulation, which is stronger with increasing length of chain. An alternative possibility is that molecules are partially located in submicropores and the remaining segments are condensation centers for molecules from the next layers. But, it should be noted that the total sorption level decreases with increasing length of hydrocarbon chain. This is probably the result of blockage of the micropore outlet by the plate-shape of the hydrocarbon molecules due to its conformation on the surface. The shape of the benzene sorption isotherm (Fig. 7) is similar to the shape of the hexane sorption isotherm. This suggests that the systems have similar states. It seems that aliphatic chains could form a plate-like shape to form the same figures as the crystallites of arenes in the surface of hard coal. Of course this only has an impact on part of the hexane molecules because the distribution of molecules in the submicropores has a different character for hexane and for benzene (Fig. 8) . However, the plate-like shape of the aliphatic molecules in the sorption system seems to be a good explanation for its low sorption capacity in comparison to benzene. This effect is stronger for longer chains (heptane and octane). Another reason for the higher benzene capacity is the interaction of p-electrons from arene crystallines and the benzene molecule in the sorption system, but the significance of this interaction should not be overestimated (Belov et al. 2009; Zyla et al. 1999 ).
More complicated interactions are observed on the isotherm chart for water (Fig. 9 ). This is caused by strong interaction between water molecules and the surface function groups and has the effect of strongly multilayer adsorption, but it is still possible to obtain monolayer capacity. What is interesting however is that the expansion in this sorption system is minimal. Water is a relatively good probe for indicating specific interactions and together with methanol gives reliable information on the structure of coal. The methanol sorption isotherm chart (Fig. 10) shows the presence of a small quantity of molecules in the multilayer but adsorption is practically monolayer. Theoretical expansion appears at a higher level than water expansion. The rate of expansion to absorption for methanol is comparable to the rates for heptane and octane but hexane shows a greater difference in molecule location to the subsystems.
Figures 2, 4 and 6 show that no sorption system is really bimodal (namely adsorption ? absorption) but expansion is in fact a major participant in the process. The benzene sorption system is the one and only bimodal system in the range of systems investigated. The same difficulty in fitting the experimental isotherms to the theoretical sorption isotherms arises as an effect of the complicated location of the molecule which results in the assignment of molecule segments to both the expansion and adsorption subprocesses. Tables 4 and 5 give details of the characteristics of sorption systems. V h ad is volume of adsorbed hydrocarbon molecules, V h t is the total capacity of the sorption system. Z A /Z B is the ratio of molecular contacts in the sorption system in small and larger micropores, respectively. The criterion for division is medium pore size understood as a maximum of capacity distribution.
The results of the computation permit us to state that chain molecules (e.g. hexane) adopt a plate-like or globular shape (Zyla et al. 1999; Jodlowski and Wójcik 2003) . The volume of adsorbed molecules (V h ad ) for each sorbate is significantly lower than accessible pore capacity (V h t ), with the exception of the water sorbate, which is an effect of the specific interactions involved and multilayer adsorption. Such a phenomenon is caused by the blocking of pores by the plate-like shape of chain molecules adsorbed onto the surface. A significant change occurs with the adsorption of octane. The degree of surface use (V h ad /V h t ratio) as well as the adsorption to absorption ratio is greater for octane than for hexane and heptane. It seems that the greater opportunity for making a plate-like or globular shape in the longest chain molecule causes a better fit of the molecule to the pore structure. Simultaneously monolayer capacities calculated from hexane and cyclohexane are nearly the same which in connection with the fact that total adsorption capacity of hexane is ten times greater shows that the adsorption of hexane is evidently multilayer. Moreover the location of the hexane molecule on the surface has another effect: part of the molecule is inserted into the pore, part is on the external surface or is unabsorbed creating the adsorption centre for the next molecules.
Conclusions
The simplifying assumption on the negligible influence of a molecule's location order is not precise and should be reconsidered. Simple molecule sorbates (e.g. water or methanol) give very good estimates for theoretical isotherms and reliable parameters of coal structure and the state of the sorption system. Aliphatic-chain molecule sorbates gives a little bit less reliable estimates. Such items should not be used for the identification of coal structure together with the state of the sorption system. Nevertheless MSM is a useful tool for sorption process analysis in complex sorbents like hard coal. The model will let us derive absorption, adsorption and expansion subsystems from the sorption process with a detailed description of the porous system. Despite some inaccuracies in the information obtained, the hypothesis on the behavior of hard coal structure and molecules in the sorption system is worth making and checking. Comparative study of the sorption of different chain and ring molecules semi-simultaneously with water and methanol (not in mixture-separate isotherms are computed simultaneously with common coal structure parameters) provides the opportunity to obtain detailed information on the energetic and geometric properties of the sorption system, which could be the basis for the prediction of sorption and the technological properties of different systems with hard coal. 
